Background-Depression is common in patients with coronary artery disease (CAD) and is associated with more frequent chest pain. It is however unclear whether this is due to differences in underlying CAD severity. We sought to determine [1] whether depressive symptoms are associated with chest pain independently of CAD severity, [2] whether improvement in depressive symptoms over time is associated with improvement in chest pain and [3] whether the impact of revascularization on chest pain differs between patients with and without depression.
Introduction
Angina pectoris or chest pain attributed to myocardial ischemia is the hallmark of obstructive coronary artery disease (CAD) and occurs as the initial manifestation of CAD in over 50% of patients with the disease [1, 2] . Chest pain is a common presentation in both outpatient and inpatient settings and is often suspected to be cardiac in origin in patients with cardiovascular risk factors, even when atypical [3] [4] [5] . It however has a broad differential diagnosis involving many systems including gastrointestinal, musculoskeletal and psychiatric, and is thus neither sensitive nor specific for obstructive CAD [3] [4] [5] .
Chest pain and depression commonly co-exist [6, 7] . Over 30% of patients with CAD suffer from depressive symptoms, a rate three-fold higher than in the general population [8, 9] . Depression is considered to be a risk factor for CAD and is associated with poor outcomes [2, 10, 11] .Whether the association between depression and chest pain is dependent on the presence or severity of CAD, or whether this comorbidity is due to other factors, remains unclear. Both pain and depression share common neurochemical pathways [12] , and a few studies have suggested that patients with non-obstructive CAD and depression have greater incidence of persistent chest pain [7, 13] . Understanding the relation between depression and chest pain is important in order to provide the impetus to study whether treatment of depression improves chest pain, and whether individuals presenting with chest pain should be screened for depression.
In patients with suspected or confirmed CAD undergoing coronary angiography, we sought to determine [1] whether depressive symptoms are associated with chest pain independent of CAD severity, [2] whether improvement in depressive symptoms over time is associated with improvement in chest pain, and [3] whether the impact of revascularization on chest pain differs between patients with and without depression.
Methods

Study design
Patients (n = 5158) were recruited from the Emory Cardiovascular Biobank, a prospective registry of subjects undergoing cardiac catheterization for symptoms of chest pain or abnormal stress test at three Emory Healthcare sites in Atlanta, GA between 2003 and 2014 [14] . Subjects with acute myocardial infarction, congenital heart disease, severe valvular heart disease, severe anemia, recent blood transfusion, myocarditis, history of active inflammatory disease or cancer were excluded. Subjects aged 20 to 90 years were interviewed pre-catheterization to collect information on demographic characteristics, medical history, medication use, and behavioral habits. Medical records were reviewed to confirm self-reported medical history. Self-administered Patient Health Questionnaire-8 (PHQ-8) and Seattle Angina Questionnaire (SAQ) were completed both at enrollment and between 6 and 24 months of follow-up (median of 15 months). Obstructive CAD was defined as the presence of a ≥ 50% diameter stenosis in any of the major coronary arteries by visual assessment on the angiogram as reported by the proceduralists, all of whom were blinded to the questionnaire data. Coronary artery disease severity was quantified on a continuous scale using the Gensini score [15, 16] . A total of 645 (13%) patients underwent revascularization at or post-enrollment and answered follow-up PHQ-8 questionnaires. The study complies with the Declaration of Helsinki, and was approved by the Institutional Review Board. All patients provided written informed consent.
Assessment of depressive symptoms: the patient health questionnaire-8
The PHQ-8 is a validated self-administered 8-item questionnaire that is used to screen for depressive symptoms and diagnose major depression, in which question 9 of the PHQ-9 questionnaire concerning suicidality is omitted (Fig. S1 ) [17] [18] [19] . The 8 items estimate the occurrence of depressive symptoms in the past 2 weeks, and are scored from 0 ("not at all") to 3 ("nearly every day") for a maximal score of 24. Higher scores suggest increased severity of depression, with scores of 5, 10, 15, and 20 representing cut-points for mild, moderate, moderately severe and severe depression, respectively [17] [18] [19] . Enrollment PHQ-8 scores were available for all 5158 (100%) patients, while follow-up PHQ-8 scores were available for 2068 (40%) patients. To further clarify the relationship, we examined the associations between the SAQ scores and the cognitive subscale of the PHQ summing the items that relate to cognition and mood alone (questions 1, 2, 6, 7 and 8 with a maximum score of 15) [4] .
Assessment of chest pain: the Seattle Angina Questionnaire
The SAQ is a self-administered questionnaire of 19 questions specific for patients with CAD that quantifies the frequency of chest pain (SAQ-AF), the physical limitations attributed to it (SAQ-PL), and the perception of the extent to which their disease has affected quality of life (SAQ-DP) (Fig. S2) [20] . Each score ranges from 0 to 100, with lower scores indicating more frequent pain, significant physical limitations or worse quality of life. Adopted severity cut-offs for all three scores are 75-100 for minimal, 50-74 for mild, 25-49 for moderate, and 0-24 for severe. The SAQ has been shown to be valid, reproducible and sensitive to clinical change in this patient population [21] . Enrollment SAQ-AF, SAQ-PL and SAQ-DP scores were available for 5132 (99%), 4212 (82%) and 4395 (85%) of patients, respectively, while follow-up scores were available for 585 (11%), 271 (5%) and 315 (6%), respectively. Missing scores were due to [1] incomplete questionnaires and [2] changes in the study protocol leading to shortening of the questionnaires to include only SAQ-AF-related questions after 2012.
Assessment of coronary artery disease severity: Gensini score
The Gensini score is the most commonly used angiographic scoring system [15, 16] . It correlates well with other angiographic scoring systems and ultrasound plaque burden [15] .
The score takes into consideration the severity of lesions by angiography, the cumulative effects of multiple obstructions, and the significance of jeopardized myocardium. A score is assigned to each lesion based on the severity of stenosis as indicated by the reduction of lumen diameter. A multiplier is applied to each lesion score based upon its location in the coronary tree depending on the functional significance of the area supplied by that segment. The final Gensini score is the sum of the lesion scores.
Statistical analysis
Continuous variables are presented as means (standard deviation) or as medians (interquartile range), and categorical variables as proportions (%). Histograms and ShapiroWilk test were used to determine whether variables were normally distributed. Independent sample t-tests and chi-square tests were used to compare continuous and categorical variables, respectively. The Spearman rank-order correlation was used to measure the strength and direction of the association between PHQ-8 and SAQ subscales, both of which had a non-normal distribution. Multivariable analyses were performed using linear regression modeling of SAQ subscales at [1] baseline, [2] follow-up and [3] for the change in SAQ subscales at follow-up, incorporating in the models the characteristics that differed significantly between those with at least mild depressive symptoms (PHQ-8 ≥5) and those with minimal depressive symptoms PHQ-8 <5. These covariates included age, gender, race, BMI, hypertension, diabetes mellitus, smoking status, Gensini score and anti-depressant therapy in addition to PHQ-8 score and baseline SAQ subscales. Interactions with gender, race, use of antidepressants and the presence of obstructive CAD were examined and subgroups analyzed if P < 0.1 for the interaction. Relative importance analysis was performed to characterize the contribution of each variable in the models predicting SAQ subscales [22] . Predictor importance was computed by taking the utility range (via conjoint analysis) for each factor separately and dividing by the sum of the utility ranges for all factors [23] . Importance weights were rescaled to sum up to 100, and represent the percentage of variance explained in the criterion that can be attributed to predictors, and may be considered as a measure of relative effect size [22] . All analyses were performed using SAS 9.3 (Cary, NC, USA).
Results
Study population
Of the 5158 patients, 64% (n = 3083) had obstructive CAD at enrollment (Table 1) . Over 37% (n = 1902) exhibited at least mild depressive symptoms (PHQ-8 ≥5); of these, 22% (n = 1157) had mild symptoms (PHQ-8 5-9), 9% (n = 468) had moderate symptoms (PHQ-8 from 10 to 14), 4% (n = 204) had moderately severe symptoms (PHQ-8 [15] [16] [17] [18] [19] , and only 1% (n = 73) had severe symptoms. Subjects with at least mild depressive symptoms were more likely to be women (43% versus 30%, P < 0.001), and were more likely to be receiving therapy for depression (29% versus 10%, P < 0.001) compared to those with PHQ-8 <5.
Prevalence of obstructive CAD and Gensini scores were similar in both groups (Table 1) . Younger age (β −0.40, P < 0.001), female gender (β 1.7, P < 0.001), white race (β 0.66, P = 0.001), higher body mass index (β 0.029, P = 0.015), history of smoking (β 0.54, P = 0.001), hypertension (β 0.78, P < 0.001) and obstructive CAD (β 0.48, P = 0.004)were independently associated with PHQ-8 scores. Between 21 and 44% of patients had at least mild impairment in one or more of the chest pain-related SAQ subscales. All three subscales SAQ-AF, SAQDS and SAQ-PL were strongly correlated with each other (r range 0.68-0.79, P < 0.001, Table S1 ).
Association between depressive symptoms and chest pain
The PHQ-8 score was significantly correlated with all three subscales of the SAQ; thus, patients with worse depressive symptoms reported increased frequency of angina (r = −0.28, P < 0.001), more severe angina-related physical limitations (r = −0.32, P < 0.001) and perceived their disease as severe (r = −0.37, P < 0.001) (Fig. 1) . In multivariable analyses adjusting for age, gender, race, BMI, hypertension, diabetes mellitus, hyperlipidemia, smoking status, previous myocardial infarction, CAD severity (Gensini score) and antidepressant therapy, depressive symptoms as measured by the PHQ-8 score remained an independent predictor of each SAQ subscale ( Table 2 ). Other variables that were independently associated with SAQ subscales were CAD severity, age, gender, and BMI (Table 2 ). The PHQ-8 score was the most important predictor, contributing to over 70% of the variance in the models predicting SAQ-AF, SAQ-PL and SAQ-DP (Fig. 2) . The cognitive subscale (PHQcog) significantly correlated with all three SAQ subscales (SAQ-AF, r = −0.25; SAQ-PL, r = −0.27, SAQ-DS r = −0.35, P < 0.0001).
Association between CAD severity, depressive symptoms, and chest pain
We then examined whether the association between depressive symptoms and chest pain was modified by the severity of CAD (Fig. 3) . In multivariable analyses adjusting for the aforementioned variables, the association between PHQ-8 and SAQ subscales was independent of obstructive CAD (Table 2) . Moreover, when considering non-somatic symptoms of the PHQ questionnaire, the association between the PHQ cognitive and SAQ subscales remained similar and conclusions remained the same (Table S2 ).
In sensitivity analyses we found no significant interaction between depressive symptoms and gender (Table 2) . There was however an interaction between antidepressant use and PHQ-8 for each of the SAQ subscales: the association between depressive symptoms and chest pain frequency was significantly weaker in patient who were receiving therapy for depression (β −0.88 compared to β −1.45 for those not on therapy, P = 0.002). The findings were similar for both the physical limitation and disease perception scales (Table 2) .We also found an interaction between depressive symptoms and the presence of obstructive CAD for both the chest pain frequency (P = 0.08) and physical limitation scores (P = 0.008), denoting a stronger association between PHQ-8 and SAQ-AF, SAQ-PL in patients with obstructive CAD compared to those without (Table 2) .
Depressive symptoms and chest pain at follow-up
The significant correlations between the PHQ-8 scores and the SAQ-subscales were validated in patients who completed questionnaires within 6-24 months of follow-up (median of 15 months); SAQ-AF (r = −0.48, n = 585), SAQ-PL (r = −0.41, n = 271) and SAQ-DP (r = −0.51, n = 315, all P < 0.001) providing validation for our baseline findings.
We then examined whether a change in depressive symptoms at follow-up was associated with a change in SAQ subscales after accounting for clinical characteristics, antidepressant therapy at follow-up, and whether patients had undergone revascularization in the interim. In multivariable analysis, improvement in depressive symptoms (decrease in PHQ-8) was associated with significant improvements in angina subscales (SAQ-AF β −1.34, P < 0.001), SAQ-PL β −1.85, P < 0.001, and SAQ-DS β −2.12, P < 0.001). These associations were independent of CAD severity, and whether patients were on antidepressant therapy or underwent revascularization (Table 3) .
Depressive symptoms, chest pain and revascularization
We then investigated whether depressive symptoms were contributing to increased angina and disability or whether worse SAQ scores lead to depressive symptoms in patients with significant CAD who underwent revascularization at enrollment or prior to follow-up (n = 645). Overall, in subsets who completed the SAQ questionnaire at follow-up, chest pain frequency and disease perception were improved after revascularization (SAQ-AF mean change 13 ± 32, P < 0.001, SAQ-DS mean change 9 ± 31, P = 0.018). However, there was a slight worsening of physical limitation score (SAQ-PL mean change −8 ± 35, P = 0.023).
The change in SAQ scores post-revascularization were negatively correlated with the change in PHQ-8, even after multivariable adjustment (ΔSAQ-AF β = −0.30, P = 0.003, ΔSAQ-PL β = −0.042, P = 0.008, and ΔSAQ-DS β = −0.074, P < 0.001).
Patients with at least mild depression at baseline (n = 350) had a significant decrease in depressive symptoms after revascularization (mean PHQ-8 of 10 ± 4 at baseline to 5 ± 4 at follow-up, P < 0.001), which remained significant after adjustment for age, gender and race.
These findings suggest that relief of ischemia and chest pain also relieves depressive symptoms.
Moreover, we found that in patients undergoing revascularization, those without depressive symptoms had greater angina relief (increase in SAQ-AF) compared to those with at least mild depressive symptoms (14 ± 32 vs. 11 ± 32, respectively, P = 0.005, Fig. 4A ). There were no significant differences in the change of SAQ-PL (P = 0.23) and SAQ-DS (P = 0.12) after revascularization between patients with and without baseline depressive symptoms. Thus, the presence of depressive symptoms may mitigate symptomatic relief associated with revascularization. Similarly, when stratified by baseline SAQ scores using the median as a cutoff, subjects with worse (<median) angina, physical limitation and disease perception had significant improvement in depressive symptoms post-revascularization compared to those with SAQ scores ≥ median (Fig. 4B ).
Discussion
In this large study of patients undergoing left heart catheterization for evaluation of CAD, we found that depressive symptoms are robustly associated with self-reported increased frequency of chest pain, physical limitation, and disease perception. This finding is of particular interest in subjects with minimal and non-obstructive coronary atherosclerosis on angiogram in whom depressive symptoms were also significantly associated with chest pain and physical limitation. The association persisted at follow-up, providing validation of our findings at baseline. Depressive symptoms were the most important predictor of chest pain, contributing to at least 70% of the variance in models predicting chest pain that incorporate traditional risk factors as well as coronary artery disease severity. Additionally, patients who reported improvement in depressive symptoms during follow-up also noted decreased angina frequency, physical limitations and improved disease perception, regardless of whether they had undergone revascularization or were on antidepressants. Finally, in exploratory analyses we observed that patients without depressive symptoms had greater symptom relief after revascularization compared to those with depressive symptoms.
Previous studies have also reported a similar relationship between depression and angina. For example, veterans with stable CAD and a new diagnosis of depression at follow-up reported more angina, physical limitation and lower treatment satisfaction [24] . Amore recent study in patients with non-obstructive CAD identified an association between type D personality -characterized by negative affective states -and increased frequency of chest pain [13] .We have previously reported that depression in women after myocardial infarction was associated worse angina and physical limitation in addition to worse outcomes [25] . The present study further characterizes the association between depressive symptoms and chest pain using validated questionnaires in a large cohort of both men and women with angiographic data and detailed clinical characteristics, and shows that this relationship persists irrespective of the presence and severity of obstructive CAD.
Although cause and effect relationship cannot be established from this observational study, our findings support the existence of a bidirectional relationship between depressive symptoms and chest pain in patients with CAD. On the one hand, depressive symptoms improved after revascularization, suggesting that chest pain may be driving depression. On the other hand, we show that chest pain was worse in patients with depressive symptoms regardless of the presence of CAD, and that revascularization produced more effective relief from chest pain in those without depressive symptoms. Thus, depressive symptoms may worsen perception of chest pain and culminate in a worse quality of life. In a longitudinal, population based study, baseline depression was associated with incident pain [26] . Similarly, persons with chronic pain often develop depressive symptoms [27] . While a direct causal link is yet to be established, depression is hypothesized to affect cardiovascular health via several pathophysiologic mechanisms including increased exposure to risk factors and high risk behaviors, heightened sympathetic drive, neuro-hormonal disturbances, vascular dysfunction and chronic inflammation [28, 29] . Depression and chest pain may thus be related through neurologic mechanisms or endothelial function, rather than by worsening of epicardial CAD [30] .
Several meta-analyses have reviewed randomized trials designed to treat chest pain in patients with non-obstructive CAD using pharmacologic and non-pharmacologic antidepressant therapies. Although cognitive behavioral therapy appears to have at least a modest benefit in decreasing chest pain frequency [31] , studies examining antidepressant therapies have been inconclusive [31] [32] [33] .Most trials examining the use of antidepressants for the relief of non-cardiac chest pain have had small sample sizes and have excluded patients with known diagnoses of depression and CAD [31] [32] [33] . The results of these trials may also have been confounded by ineffective antidepressant therapy, as follow-up depressive symptoms have either not been reported or did not show a sustained decrease. In addition, antidepressant therapy may be effective in only a subset of patients with chest pain. In our study, the association between depressive symptoms and angina was dampened in patients receiving treatment for depression, suggesting that antidepressant therapy may mitigate the psychological component contributing to chest pain.
Limitations of our study include the observational nature of the study that precludes definitive conclusions regarding causation. The post-revascularization findings are also in a smaller group completing the follow-up questionnaires, and thus are exploratory and hypothesis generating given the sample is likely biases towards survivors at 6-24 months. Strengths include the large sample size, diversity of the cohort, the detailed characterization, and use of validated PHQ-8 and SAQ questionnaires that have been associated with outcomes [34, 35] . Moreover, replication of baseline findings at follow-up lends further validity to our findings.
Implications
Despite abundant evidence regarding the impact of depression on CAD and its outcomes, it is yet to be incorporated in the evaluation of the patient with chest pain [36, 37] . This is at least partly due to the incomplete understanding of how depression is associated with chest pain and CAD, and the lack of available evidence-based strategies to abrogate that risk. Our findings confirm the existence of a strong association between depressive symptoms and chest pain that is independent of CAD severity, and points to the bidirectional nature of that relationship. Most importantly, it highlights depression as a potential therapeutic target in the treatment of chest pain. Definitive trials are needed to determine whether treatment of depression contributes to the relief of angina in subjects with and without CAD.
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